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Abstract: Large-scale battery cells are connected in series, which inevitably leads to a phenomenon
that the cell voltage is unbalanced. With a conventional equalizer, it is challenging to maintain
excellent characteristics in terms of its size, design cost, and equalization efficiency. In order to
improve the defects in the above equalization circuit, a novel voltage equalization circuit is designed,
which can work in two modes. A bidirectional direct current—direct current (DC-DC) equalization
structure is adopted, which can quickly equalize two high or low-power batteries without using an
external energy buffer. In order to verify the effectiveness of the proposed circuit, a 12-cell battery
2800-MAh battery string was applied for experimental verification. Computer monitoring (LabVIEW)
was adopted in the whole system to intelligently adjust the energy imbalance of the battery pack.
The experimental results showed excellent overall performance in terms of equalization was achieved
through the newly proposed method. That is, the circuit equalization speed, design cost, and volume
have a good balance performance.

Keywords: battery equalization; flyback transformer; topology

1. Introduction

Lithium-ion batteries have been widely used in the field of electric vehicles due to their high
charging—discharging times and high energy efficiency. Since the battery pack in a pure electric vehicle
is connected in series and in parallel through a large number of battery cells, some of the battery cells
may be unbalanced during the continuous charging and discharging process of the battery. The overall
performance of the battery pack will be restricted by the battery cells with the lowest battery capacity,
which will seriously affect the service life of the battery pack and reduce the battery life of the electric
vehicle [1,2]. Battery equalization technology can suppress imbalance in the battery pack, leading to
improved work consistency. The battery management system is able to operate well, which can ensure
safe driving of new energy vehicles, and the working principle is shown in Figure 1. Excess energy
(Converted Energy in the legend) can be transferred from cell 1 to cell 2 through the energy converter.
A relatively balanced state is achieved between the two cells, and so on, resulting in consistent energy
obtained by the entire battery pack.

In recent years, plenty of battery pack equalization methods have been proposed [3-6].
The equalization method has been divided into different categories according to various criteria.
The energy dissipation has two types [7,8]: switch shunt and fixed shunt. This equalization circuit
with a simple structure was easy to control. However, the converted heat will result in increased
temperature in the entire battery pack, and the system will require extra energy. Compared with the
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energy dissipation type, a peripheral energy conversion circuit was applied to balance the voltage of the
battery through the non-energy dissipation equalization method. Although the circuit is more complex,
it is more efficient and safe according to the different means of energy transmission. These methods
are further subdivided into four types: cell-to-cell equalization methods, cell-to-pack equalization
methods, pack-to-cell equalization methods, and cell-to-pack to cell equalization methods, as shown in
Figure 2.
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Figure 1. Battery balance diagram.

In the above equalization method, the monomer-to-monomer equalization method and the
monomer-to-battery equalization method can effectively prevent overcharging and over-discharging
of the battery. Even if the energy overlap and high-pressure stress in the equilibrium process are
considered, the equilibrium efficiency cannot be guaranteed. In contrast, cell-to-cell equalization
methods with short and efficient transmission paths are ideal choices. These methods are further
subdivided into three types: transmission equalization methods, a non-isolated direct current—direct
current (DC-DC) equalization method [9], and an isolated DC-DC equalization method [10]. One of
the most conventionally used topologies of the transmission equalization methods is the bidirectional
buck-boost converter [11]. Every two adjacent cells have a common buck-boost converter to achieve
energy transfer. However, when the positions of the unbalanced batteries are not adjacent, the path
of energy transfer becomes long. In order to compensate for the shortcomings of such equalization
methods, Li, Y proposed a structure of an equalization method [12].
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Figure 2. Battery balance-type diagram.
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This circuit transfers energy from the most charged unit to the least charged unit to have higher
equalization efficiency, but at the expense of lower equalization speed. Another direct cell-to-cell
equalization method which uses an inductor as the energy storage component has fast equalization.
However, each battery has two directional transmission channels, which require a large number of
switches and diodes. Similarly, the direct inter-cell equalization method using a transformer ensures
a fast equalization speed [13], but the use of a large number of transformers is costly. Obviously,
the aforementioned direct cell-to-cell equalization method cannot achieve fast equalization speed and
high efficiency, and relatively low cost.

In order to improve the deficiencies of these defects, a dual-winding battery equalizer with energy
bidirectional flow was proposed. The advantage is that the cells with low energy are supplemented,
and the cells with high electric quantity are effectively weakened. The principle of operation is an
equalization structure using bidirectional forward and flyback equalization. Any two high-energy cells
or low-energy cell in the battery pack was quickly equalized without external energy buffer. To realize
the effective balance of the whole battery pack.

2. Proposed Equalization Topology

2.1. Proposed Equalizer

The proposed voltage equalizer is composed of a left and right sides interleaved switching network
and an isolated double winding DC-DC converter. Figure 3 shows an equalization structure based on
a flyback coaxial multi-winding output, which is mainly composed of a flyback transformer T and a
battery pack B1-By, circuit. The battery pack as a whole and single cells form a loop through the output
winding of each channel. Energy is transmitted to the battery cell from one direction.

o § T

By— K;
B;_ K>
B—— Ky

Figure 3. Coaxial multi-winding equalizer.

The equilibrium method proposed in this paper could be extended from the original single-to-single
equilibrium to the multi-to-two equilibrium structure. The staggered switching network is combined
with the two operation modes. Bidirectional equalization is realized in the energy-transfer process
as shown in Figure 4. The left and right sides are staggered control switches by the application of a
two-winding flyback transformer for output isolation. The bidirectional equalization equivalent circuit
is shown in Figure 5.
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Figure 4. New voltage equalizer.
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Figure 5. Equalization equivalent circuit.

Each cell is connected with a control switch. The control switch K;-K5,,41 is on the left side of the
battery pack. The corresponding cell is A1-Ap;,+1. The control switch Ky-Ky, is on the right side of the
battery pack and the corresponding cell is Ap-Ay,,. The control switch network on the left is connected
to the output side winding Ayn-; of the flyback transformer. The control switch network on the right
side is connected to the output side winding A;, the battery pack is integrally connected to the L end
of the flyback transformer.

The flyback mode was applied when the number of unbalanced battery cells in the battery pack
increased, which indicated that the energy of the battery pack and the battery cells are directly subjected
to two-way energy transfer. There are two kinds of equilibrium situations. One is that the excess
energy in the high-power battery cell was transferred to the positive battery pack, eliminating the
effect of excessive power. The other is that the energy was provided by the battery cell with low battery
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capacity, so that the damage of the battery itself induced by over flushing or over discharging of an
individual cell can be avoided.

When the energy difference between the individual cells in the battery pack is large, and the
equalization mode will adopt forward operation mode, the cell can be directly connected to the Ayn_q
and A; windings on the output side for fast equalization.

The new battery equalizer uses the two modes of operation to work together. Flyback mode is
“rough-tuning” and Forward mode is “fine-tuning” synergism, which achieves the goal of efficient and
balanced, making efficient use of energy.

2.2. Equilibrium Process Analysis

According to the voltage difference in different single cells as the judgment basis. The equalization
method was proposed in this paper to select forward operation mode or flyback operation mode.
Finally, efficient and fast equalization of the battery pack was realized, and the specific balancing
strategy will be discussed in detail as follows.

Case 1: when the batteries in the group are unbalanced and the voltage difference is large (less
than 0.4 V), the operation flyback mode timing is as shown in Figure 6a. In a work cycle, the working
process of the flyback transformer can be divided into two stages according to the difference between
the control signal and the current path in the circuit. During the process of charging, the energy was
transferred from the primary side L of the transformer to the secondary sides L; and L;. The drop of
conduction voltage in the control switch is Vp; and Vp,. The overall primary side voltage V of the
battery pack and the output side voltage are V1, Vi,. The energy was transferred from the secondary
side of the transformer to the primary side during discharge.
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Figure 6. Flyback transition timing diagram. (a) Flyback converter energy forward flow timing diagram;
(b) Flyback converter energy reverse flow timing diagram.

The following circuit workings in detail were defined as follows: the leakage inductance of the
multi-winding transformer is L, the magnetizing inductance denotes Lm. In the primary winding of
the transformer, the voltage at the input port is V;, the output port voltage is V1 and Vp,.

Vi = —(N—iomo (1)



Electronics 2019, 8, 1426 6 of 18

Npo

Vip = _(N_L())VLO 2

The coefficient of leakage inductance for V7 is K, which can be expressed as:

L
K= =k

= ®)

The energy is transmitted from the primary side to the secondary side, which was shown in
Figure 6b. It is divided into the following two modes.

Model 1 (tp~t1): the Q7 switch is turned on, the current I, in the primary side L of the transformer
increases. When t = t,f, I reaches the maximum value. The energy is stored in the magnetizing
inductance Ly, of the transformer. Where in the exciting inductor current iy is:

. . Vo=V
ILm = 1Lk = LLO—+Lth0n 4)
m

The peak value of the inductor current at the time of ¢, is:

(Vio—Vp)DT

Ln(K+ 1) ©)

ipk = iLkli=t,, =

where D is the duty cycle of the control switch. T is the turn-on switching period of the flyback
converter, the energy stored E in the transformer is:

1.,  (Vig-Vp)’D’T?
200 2L, (K+1)

(6)

In this process, the iron core of the transformer is magnetized. Wherein the increase in the

magnetic flux @ is:
V1o
A®P = —Dt 7
() N " @)
Model 2 (t;~t7): the Q; switch is turned off, the secondary side switches Q, and Q3 are both
open. Its current is slowly reduced to Ismin, ip; and ip3, charge capacitors C; and C,. The energy in
the stored primary side is transferred to the low-energy cell for charge equalization. The secondary

inductor current gradually decreases and the falling slope is:

dipge _— Vii+Vm

dt  Li+ Ly ®

dipgr Vo + Vi ©)
dt Ly + Lok

In this process, the core of the transformer is demagnetized. The magnetic flux ® is also linearly
reduced, where the reduction & is:

_ Uu

AD
©) L0

1-D ) fon (10)

The process of turning on and off the energy from the secondary side to the primary side, in
principle, is the same as the above process. Therefore, the description is not repeated.

Case 2: when the cells in the group are unbalanced, the voltage difference becomes large (no less
than 0.4 V). A forward operating mode was applied in the topology without the output of inductance,
considering that the selected battery cells Apy_1 and A, are monomers with a large difference in power.
The circuit topology is shown with the dotted line in Figure 5. The specific working process of this
model is analyzed as follows. The working sequence diagram is shown in Figure 7.
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Figure 7. Forward transition timing diagram.

(1) Model 1(t,~t1): whent =0, the switch tubes Q, and Qs are turned on. The voltages of the battery
cells Ap,,—1 and A; are applied across the output windings L1 and L, of the flyback converter, respectively.
Battery Aj,_1 charges the primary winding Lm1 through Q, as shown in Figure 5. The voltage across
Lm is VAjy,_1-Vpp where the direction is up and down. Meanwhile, the induced voltage across the
winding L, is V a2,-1-Vp2 due to the coupling relationship of the voltage transformation, its direction
is up and down. A peak current of Iy was produced from the secondary winding circuit under the
turn-on instant. The core is magnetized and the magnetic flux is maximized during this process.
The current on winding L; and winding L, increases and the voltage across the battery is directly
parallel balanced.

_ Vu1-Vpi-Vas

I
0 Re;

(11)
where R, denotes the equivalent resistance of the battery A; loop, then the voltage across the secondary
winding L is clamped at V 45 + Vpy. The inductance current in the circuit decreases linearly.

Its slope is:
dirgy — Var+ Vo

= 12
dt Ly + Ly (12)
During the period of fy-t;, the currents of windings L is:
: Vian-1+ Vb1
i (t) =Ip— ————(t -t 13
nt) =lh-—7=7-——(-t) (13)

At time t1, the bidirectional switches Q7 and Q, are turned off. The mode ends and the current of
the winding L; at time ¢#; is:
Van-1+ Vb1
L+ L1K

The current of the primary winding at time t; is:

i (1) = Ip - DT (14)

Van-1—=V
AN-1~ YD1

ile(tl) = Imax + Ll (1 +K)
m

(15)
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The energy stored in the transformer at this time is:

(Vazn-1 = Vp)*
Wi = —————-D’T? (16)
2L1pm(1+K)

(2) Model 2 (t1~tp): at t = t,, time. Turn off the switch tubes Q, and Q3. Switch tubes Q, and Qj3 is
turned off when t is at ¢,,. There is no current flowing through the winding L; and L,. At this point,
the transformer conducts magnetic reset through the reset winding. The excitation current is fed back
to the whole battery pack through the primary side. Finally, the reset of the magnetic flux is realized.

dipge _ Var+ Vo

= 17
dt Ly + Lo 17

ira(t) = Ira(ty) - (t—t1) (18)

At this point, the energy is completely transferred at time 5. The current if»(t) becomes zero and
the transformer completes the magnetic reset.

2.3. Design Consideration of the Main Circuit

This article uses a two-winding bidirectional flyback converter. Whether energy is from V;;, to Vo,
or energy is from V¢ to Vj,, the switch Q; is turned on when the diode D; opposite to it is energized.
The switch tube Q5 is turned on. When the D;, is energized and all the zero-voltage switching (ZVS)
are turned on. In the bidirectional flyback converter, the current alternates and the current work
continuously. Let Q; have a duty cycle of Dg;. When the energy flows V;, to V,,1, the input voltage
and output port voltage are expressed as:

Vv L D
IN _ L2 Q1

= 19
Voun L1 1-Dg 19)
If Dg, is the duty cycle of Q», when energy flows from V41 to Vi1:
L1 D
Voutl o % Q2 (20)

Vin L2 1-Dg

Assuming that the input voltage Vin is 3045 V, the output voltage Vout is 3.8-5 V and the
switching period T is 40 ps. And then the duty ratio D can be derived to be 68%. The average
equalization current Iy is calculated to be 1.52 A.

The peak equalization current is expressed as follows:

2P;
Lk = 2 21
Pk Dmax Vinmin ( )
The input power is expressed as follows:
Pin — p_O — uoutl X le + uoutZ X 1102 (22)

 Egf Eff

Considering the energy storage and conversion of the flyback converter. The primary inductance
is expressed as follows:

2
L. — Vinmin X Dmax _ Vinmin X Dmax _ (Vinmin X Dmax) (23)
" ka X szRF (—Dmazxpi"? - ) X szRF ZPinfSKRF
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The flyback transformer is equivalent to a coupled inductor. In the process of transferring energy
from the primary side to the secondary side, because the coil has magnetic flux leakage the magnetic flux
leakage energy cannot be transferred to the secondary party thereby causing the switching tube voltage
to rise further. The clamp circuit connected to the primary and secondary sides of the bidirectional
flyback transformer. This limits the switching tube voltage to the maximum value. This article uses the
RCD (Resistance Capacitance Diode) absorption circuit, as shown in Figure 8.

V2 2
RC:_C:“ZC (24)
PR LiKIpfs
Ve
>_-C 2
Cc > AVCRCE, (25)

-y LIIL25L3  -—

T

Vourr

;

5
g
£

—|_|I T Vouz
rﬁtl Q2

7 )

Figure 8. RCD absorption circuit.

The clamp capacitor C has the same voltage as the resistor R. The relationship between R and C can
be obtained by the relationship between voltage and power transition. According to the above analysis,
during the working process of the clamp circuit, the energy stored in the capacitor is consumed by the
resistor. That is, the power consumed by the resistor is equal to the energy stored by the capacitor.

2.4. Equalization Strategy

The new voltage equalization structure was proposed in this paper. During the process of
equalizing the battery pack, it is necessary to control the DC-DC converter in different operating
modes. This can become an essential basis for working mode matching by the amount of cell voltage
difference. Meanwhile, the corresponding control method was adopted to control the equalization
switch network. The balancing strategy is shown in Figure 9. The strategy of equalization control
should pay attention to the following points:

A. Selected battery port voltage as a criterion for equalization.

B. In the process of energy transfer, when the current is not zero, it will cause irreversible losses to
the elements of the switch array in the long-term equalization process.

C. Balanced operation modes are divided into two types, which are switched according to the
distribution of different battery voltages.

For A: the equalization control uses the battery port voltage as a reference. The equalization
mode is selected according to the voltage dispersion degree of different unit cells. The highest voltage
and the lowest voltage of the battery cells are V;x and V,;;,, and the difference between them is V;.
The difference between the voltages is:

Vi = Vmax = Vmin (26)
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For B: when the switch network is switching. It is necessary to keep the flyback isolation converter
off. Prevents damage to circuit components, which is caused by inrush current during switching.

For C: when the allowable difference V; set by V; is equalized, the balance is stopped until V4
is less than V. The specific equalization process is played by two working modes, which will be
described in detail below as follows.

—

Model |
Flyback mode

Y

|
|
! ModeT?
; l Forward working

High battery o | ode
Number of monomers: |
LOW battery count |

\ 4
|
Eher; l Y equalization

. Energy suppleq]em mode

feedback mode o dle

Judging cells
Is it balanced?

Judging cells
Is it balanced?

|
|
|
|
|
|
|
|
Parallel |
|
|
|
|
|
|
|
|

| * Yes
—————————————————————— —!
Flyback work process Forward work process

Figure 9. Equalization strategy flow chart.

Flyback mode: the problem of the voltage difference V; has been addressed when this difference
of each battery in the battery pack is no less than 0.4V. The battery pack as a whole was applied
as energy input and only the battery pack was used as energy output through the flyback mode of
operation. Due to the special two-winding output structure. The battery pack can simultaneously
charge balance two low-power batteries, or two high-energy batteries can be fed as energy input for
the entire battery pack.

Forward mode: when the pressure difference V; of each cell in the battery pack is less than 0.4V,
in forward mode select two low-power battery cells by connecting the two output windings of the
transformer. Point-to-point supplementation of energy for fast balancing purposes.

3. Experimental Results

3.1. Voltage Equalization System

Figure 10 shows the structure of the voltage equalization system designed by the new voltage
equalization structure proposed in this paper. Because the car power battery pack is composed of series
batteries. Therefore, this article uses 12 battery cells in series for voltage equalization experiments.
the battery voltage of the series can be monitored in real-time using the battery detection chip LTC6803.
The main control unit communicates with the LTC6803 through SPI (Serial Peripheral Interface) to
obtain the voltage of the battery cells of the battery pack and control the LTC6803. The master passes the
output control signal. The LTC6803 controls the two-sided interleaved switching network through the
S1, S2, S3...512 pins. The master provides control and drives signals for the flyback isolation converter.
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Figure 10. Voltage equalization system.

3.2. Main Circuit Design

In the new voltage equalization system, real-time acquisition and analysis for parameters of
battery voltage and temperature parameters were performed by the main controller and voltage
detection chip LTC6803. Different equalization modes are selected according to the number of
unbalanced monomers, thus the equalization control was efficiently implemented. The switch array
has a function of selecting a path, and the battery cells are connected to the double-winding flyback
isolating converter by the switches on the left and right sides. The switch consists of a bidirectional
MOS (Metal-Oxide-Semiconductor) tube. The six cells A1, A2, A3, A4, A5 and A6 at the bottom of
the pool group are connected to the N-MOS (N-Metal-Oxide-Semiconductor) switch tube respectively.
The left battery cells A7-A12 are connected to the P-MOS (P-Metal-Oxide-Semiconductor) switch tube,
the specific working circuit is shown in Figure 11. The battery cell is connected to the switch tube
through the optocoupler, the switch is connected to the gate of four MOS transistors, the first four
switches of the battery pack are Sal2, Sb12, Sall, Sb11, the gate of each set of switches is connected to
the c-pole of the phototransistor in the optocoupler, the e pole is connected to the negative electrode of
the battery cell, which possessed the lower three positions of the battery cell. For example, the switch
corresponding to the battery unit A12 is Sal2. The gate of the four PMOS transistors is connected to
the c pole of the optocoupler OPal2, and the e pole is connected to the negative electrode of the battery
unit A9. The switch corresponding to the Al battery cell is OPb1 on the right side in the switch array,
the gates of the four N-MOS transistors are connected to the e-pole of the optocoupler OPb. The c pole
is connected to the battery cell A4. The connection method is the same as the above discussion when
the control switches of the remaining battery units are applied. An additional complicated switch
drive circuit is not required for the structure, the driving voltage of MOS is directly provided by the
battery pack, the optocoupler is connected to the left and right switch arrays for signal control, which
acts as a signal isolation function, the battery structure is simple and efficient.

The circuit of the flyback isolation converter is shown in Figure 12. The output winding of
the flyback converter is connected to two battery cells of different potentials in the battery pack.
The corresponding equalization mode was adopted through different modes. The isolation between
the battery pack and battery can be realized by the flyback transformer T. The optocoupler OPT, MOS
transistor S3 and 54 formed an isolation driver. The 5V power supply was provided by an isolated
power supply. Current is detected by current sensor ACS712. The control switches in the circuit are
Q1, Qz, Qs respectively. If switch Q; is turned on, meanwhile Q, and Q3 are off, and the duty cycle
PWM pulse can be adjusted by the main controller according to the output of the equalization circuit.
The signal that controls the output was divided three ways: one way was to control V¢, and the
two external signals were connected to one inverter to control the opposite signals of Vg, and V3
The driving circuits of Q, and Q3 shown in Figure 12 are the same as the working principle, which
thus was simplified in the circuit diagram.
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When the input signal Vy is high, the LED (Light Emitting Diode) in the optocoupler did not work.
The phototransistor is turned off, resulting in a high-level output of optocoupler. Drive control MOS
tube S3 is turned on, and 54 is turned off. The output voltage of the isolated power supply is applied
for the gate level of the switch Q; through the resistor R3. When it turns off, a small amount of charge
left to generate a voltage difference with the 54 gate voltage, 54 is turned on due to the influence of
the Q; gate capacitance. Then the Q; gate is discharged, and Q; is turned off. The main component
parameters of the system are shown in Table 1.

Sal2
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Figure 11. Switching network diagram.

Table 1. Main component parameters of equalizing circuit system.

Parameter Value
Mosfect Switch IPB200N
Rectifier Diode IN5822
Primary DC-DC Core EP20
Converter Transfor-mer N1:N2:N3 33:3:3
Lm 367 uH
R 38 kO
Primary RCD C 21 nF
Mosfect Switch AUIRF3504
Secondary DC-DC Rectifier diode SR560
converter R 803 O
Secondary RCD C 1uF
P-MOS AOD409
Selection Switich N-MOS AUIRF3504

Optocupler PC817
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3.3. Experimental Verification

To verify the performance of the proposed voltage equalizer, a prototype was built and
tested. Figure 13 shows a photograph of the experimental prototype and associated instruments.
The experiment uses a “DELI PU BATTERY” 18650 Li-ion Battery with a capacity of 2800-mAh,
a rated voltage of 3.7 V, a discharge cut-off voltage of 2.75 V, and an equivalent series resistance of
80 m(Q). The standard charging voltage is 0.5 C (1400 mA), the operating temperature is 045 °C in
the state of charge, and the discharge state is —(20-60) °C. the battery pack consists of 12 batteries of
2800-mAh battery strings which can store 10.36 Ah and 124.32 Wh. When the experiment is carried
out, the voltage detection frequency is 50 Hz. The switching frequency of the left and right switches is
1 Hz, the operating frequency of the bidirectional winding flyback converter is 25 kHz and the voltage
difference between the beginning and the ending equalization is 30 mV.

I Monitoring PLatform 1|

(Labview)

Bidirectional DC-
f  DC Converter

(a) (b)
Figure 13. (a) Voltage acquisition circuit; (b) experimental prototype and associated instruments.

Figure 14 shows the voltage variation of the battery cells during the overall equalization process
of the battery pack. It can seem that the highest and lowest voltage of the single battery was 3.98 V and
2.78 V respectively. The entire energy transfer and conversion process can be realized by bidirectional
transfer, and a gradual reduction in high voltage cells was achieved. The low voltage gradually rises
and cycles in sequence until all voltages were up to the set equilibrium voltage.
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Figure 14. Voltage curve during forward go equalization.

Figure 15 shows a schematic diagram of voltage changes during battery pack equalization. In this
mode of operation, 12 cells with large energy differences are selected for direct equalization. From the
analysis of the graph, a relatively balanced state can be gradually obtained between the highest-energy
battery cells and the lowest-connected battery cells, and the remaining energy was also in accordance
with this equalization mode.
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Figure 15. Voltage curve during equalization process.

Figure 16 shows the voltage distribution before and after the battery voltage equalization.
The horizontal axis represents different monomers and the vertical axis denotes the cell voltage. It
can be noted clearly that the voltage of each cell in the battery pack is unbalanced. The voltages tend
to be consistent upon equalization, which indicates that the new voltage equalization structure can
effectively realize the function of voltage equalization.
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Figure 16. Voltage distributions of the battery pack.
4. Discussion

A comparative study of the proposed equalization method is shown in Table 2. Through comparing
and analyzing the new equalizer with other equalization networks, the proposed equalizer has relative
advantages in size, cost and equalization rate. The output structure of double windings is utilized to
realize efficient operation in two working modes of forward and reverse excitation. It is suitable for a
large-scale battery

A pack-to-cell equalization mode was formed, which has great potential in promotion and
application [14]. With the coaxial winding structure, the equalization function can be realized without
additional control in the whole process, but the disadvantage is that it is difficult to accurately adjust
the voltage of the battery pack in actual work. The parasitic inductance and mutual inductance of
the circuit cannot be accurately controlled, which influenced the operation of the circuit. This leads
to the difficult consistency of battery packs for the battery management system (BMS). Additionally,
this structure is not suitable for a large number of battery cells. It is challenging to wind too many
windings on the same core. Finally, the true energy balance of the battery pack made it difficult to
achieve balance from the battery pack to the single unit [15]. It cannot directly reduce the monomer
with the highest energy and directly supplement the monomer with the lowest energy. Energy can
only be transferred from the whole battery pack.

Energy can only be transferred in the whole battery pack one by one during the equalization
process. However, the equalization speed is relatively slow for most batteries connected in series.
A point-to-point balanced supplement can be realized by the proposed point-to-point balanced
structure, but the number of switch groups is huge. If a small pressure difference has existed between
the two equalization monomers in the equalization process, the equalization time is not dominant.
The equalizer is based on the equalization of coaxial windings. At the same time, the advantages of
a high-frequency switch of the forward converter and the small volume of flyback converter were
retained. The number of switches was relatively small and the control method was flexible. In addition,
in order to prevent the surge impact of high voltage and high current on the cells during the charging
and discharging process of the pack, a Zener diode with an anti-parallel protection function on every
single cell was applied in the new equalization structure, and the battery pack module was also
equipped with fuses to ensure the safe operation of the battery pack. the proposed equalizer exhibited
higher stability and better equalization by this method.
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Table 2. Parameters the prototype.
e Non-Energy Dissipation Type
Balanced Mode Energy Dissipation Type
Cell to Cell Pack to Vell Cell to Pack Cell to Pack to Cell
Type Re:iisxt(:: - Shut {;sister Singl[e9 ]Layer Buc1[<1-;3]oost \/I:I/{Eg;sgt?%:] Winscililfgle[l . Man[}i-;]o-One Tw[ci ;']Vay Intel[‘l(;]roup Plez‘;; d
Trans-Former  Trans-Former Topology
Inductance 0 0 1 N 0 0 N 0 2n +4 0
Capacitance 0 0 1 2N 1 1 0 0 0 3
Transformer 0 0 0 0 2 1 N 2 1
Switch 0 N 2N +4 N 4 2N N 2N N 2N
Diode 0 0 0 0 N+1 1 N 1 0 0
Volume E E E E P G P P P G
Control method E E p S p p E G G E
speed P G G G G G E G G E
cost E E E E P P P P P G

E: excellent, G: good, S: satisfactory, P: poor.
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5. Conclusions

In order to solve the problem of inconsistency between the single cell in the actual use process
of the power lithium-ion battery pack, this paper displays a new type of voltage equalization circuit.
Comparing with the traditional equilibrium structure, the balanced mode adopted was divided into
two working modes. The control method is flexible and the volume occupied by the space volume is
relatively small. The balanced structure of the two windings could allow the fast equalization of two
battery cells simultaneously. Meanwhile, the designed switch array circuit has a simple control mode
with low energy loss. In this paper, the working principle and equalization control strategy of the
voltage equalization circuit was introduced in detail and analyzed. A voltage equalization system for
12 batteries of 2800-mAh battery strings was designed in a targeted manner and a voltage equalization
experiment was performed. The results show that voltage equalization of series battery packs can be
realized efficiently and quickly by the proposed equalizer. The circuit became simple and efficient
using a flexible control mode. It is beneficial to improve the overall performance of the battery pack,
meanwhile guaranteeing the healthy operation of the battery pack.
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